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Abstract
Theaimof thisresearchis to obtainfluidizationandsolid - gasflow regimesin a vertical
straighttubeof24 mmin diameter.Iron-sandparticlesandair areutilizedas thesolid andgas
phaserespectively.Theregimesof fluidization andsolid-gasflow are recordedusingdigital
camera.In general,resultsshowthattherearesix regimesoffluidizationprocessi.e.fixed bed,
particulatebed,bubble,slugging,turbulentbed,andfastfluidization.In addition,thesolid-gas
flow ina vertikaltubeyieldsthediluteanddensephase..
Keywords:Fluidization,solid-gasflow,flow regimes.
1.Introduction
Fluidizationand solid - gas flow havebeen
usedin manyindustrialdevices,e.g.as fluidized
bedcombustor,cyclonepre-heaterin cement
manufacturing,andpneumatictransport.Theyare
appliedin fluidizedbedcombustorin orderto
achieveagoodmixingbetweensolidfuelandgas
to assisthecombustionprocess.The chemical
processof limestonecalcinationsin cement
manufacturingis also conductedusing this
method.In thisprocess,a contactbetweenheated
gascomingfromthebottomsideof cyclonepre-
heaterandtherawmaterial(limestone)tromthe
uppersideresultsthedecompositionf limestone
(CaC03)intoCaOandC02.Anotherapplicationis
foundinthepneumatictransportdevicesinwhich
theparticlesareblownandtransportedbygasflow
alongthepipelines.Therearesomeadvantagesof
thismethodin comparisonwiththeconventional
transportmethod,e.g. lowercostoperationand
lowenvironmentalimpact.
As in commonmultiphaseflowsystem,there
aresomeflow regimesoccurin fluidizationand
solid - gas flow. Theseregimessignificantly
influencein theoperationalcharacteristicsof the
device,suchasthegasflowraterequirement,fluid
pressuredropandpressurefluctuation.Therefore,
it is importantto understandthoseregimesand
theirpropertiesin orderto optimizethedevice
utilization.The fluidizationand solid-gasflow
regimesof ironsandparticlesandair isvisualized
andstudiedin this paper.Researchis donein
constanttube diameterwith an adiabatic
condition..
2.Fundamental
Fluidizationprocesscould be recognized
theoreticallybyusingthecurveinFigure1.Figure
Ib is takentromresultsof thepreviousresearch
(ArifviantoandIndarto,2006).
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Figure1.Fluidizationcurve(a)Kunni-Levenspiel(1969);(b)Arifvianto-Indarto(2006)
ThecurveofFigurelbconsistsof threeparts.
The firstoneis in therangeof 0 to 0.13m/sec
wherethe gas velocityis proportionalto the
pressuredrop.This meansthatincreasingof gas
flow rate resultsgreaterpressuredrop as the
requirementof largerpressuretoexertandfluidize
thestationaryparticles.Thesecondpartoccursin
therangeof 0.2to 0.75m/secwherethecurve
moveshorizontallyor has a constantpressure
drop.Althoughthecurveof Figure1a performs
thischaracter,actuallyit is difficultto approach
constantpressuredrop as the consequenceof
pressurefluctuationin sluggingand turbulent
regime.Thelastoneisthethirdpartwhichoccurs
ingasvelocityupto0.75m/sec.Thecurvebegins
tomovedownandcutsoffthehorizontalaxis.The
terminalvelocityis definedasthegasvelocityat
whichthefluidizationcurveandhorizontalaxis
intersect.Theparticlesbegintofly upwardwithin
thegasflow,nolongertobestationaryinthebed
section.
Therearesomefluidizationregimesthatare
knownamongtheresearchers.
Fixedbedregime(Figure2a)occurswhenthe
gasvelocityis in the rangeof 0 < U ::; Umf.
Particlesarestill quiescentsettlingoverthegrid
andthegasflowsthroughinterstices.Particulate
regime(Figure2b)occursatthevelocityof Umf<
U ::;UmboPhysically,thebedbeginsto expand
smoothly.Bubbleregime(Figure2c)occurswhen
thegasvelocityis Umb<U::;Ums.Thisregimecan
berecognizedbybubblesformationinsidethebed,
althoughit mightbe observedonlyby bubbles'
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breakingoffatthetopof bedsurface.Bubblesrise
fromdistributorplateandexpandingits volume.
As the gasflow rateincreases,thevolumeof
bubblesfills almostentirecolumncrosssection.
Thisregimeis definedassluggingregime(Figure
2d).It commonlyappearsinthreedifferentshapes
(seeFigure3.),Le.bulletshapeslug(Figure3a),
wall slug (Figure3b), and square-nosedslug
(Figure3c). Figure2e showsa turbulentbed
regimethatoccursatUk<U::; Utr.Thisregimeis
markedby a chaoticconditionin the bedthat
createsdifficultiesindefiningthebedsurface.But,
a goodmixingof twoormoresubstanceswill be
obtainedbysettingthegasflowrateatthisregime.
Greatergasflowrate,Le. U > {l,,.,moreparticles
beginto be transportedupward.This regimeis
definedasfastfluidizationregime.Therearesome
particlesmovingdownwardnearthewall.
3.Methodology
Thisstudywasconductedin HeatandMass
TransferLaboratoryof EngineeringScienceStudy
Center (PSIT) Gadjah Mada University.
Experimentwas carriedout in a transparent
columnof 24mmID andcouldbeequippedwith
multi-orificeor single-orificeas option of
distributorplate.Thedesignof apparatususedin
thisresearchis performedschematicallyin Figure
4.
The iron-sandparticlesare.utilizedas the
solidphase.Theyareplacedinbedsectioncolumn
and supportedby multi-orificeor single-orifice
grid.Thefluidizinggasiscompressedairof 1.0to
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1.1 kg1cm2and blown until each regimeis
appeared.Themonitoringof air flowrateis done
by using a rotameter.The visualizationof
fluidizationandsolid-gasflowregimesis doneby
recordingthemwithCanonPowerShotG2digital
camera.
4.ResultsandDiscussion
Theexperimentyieldsthesefollowingresults.
It is necessaryto makea notethateithermulti-
orificeor single-orificegridresultedsimilarflow
~_.__.
a b c
Figure2.Fluidizationregimes
d
pattern.A distinctcharacterasa resultof theuse
of single-orificeand multi-orificegrid is only
associatedwith the air flow ratecapabilityto
approachterminalvelocity. The fluidization
processof bed with single-orificegrid has
insufficientpressurenearthe grid so that the
particlesentrainmentandterminalvelocitycannot
beperformed.Thisconditionmaybecausedbya
largerpressurelossastheairpassesoverasingle-
orifice grid than that in multi-orificegrid
(ArifviantoandIndarto,2006).
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A. Fluidizationregimes
1.Fixedbedregime,paeticulatebedregime
andbubbleregime
Particlesarequiescentsincetheair flow is
stillincapabletoproducesufficientforcebywhich
particlesaresupportedand fluidized.Figure5
showsa fixed bed regimewith approximately
0.068m/secofairvelocity.Abovethisvalue,there
isa particulatebedregimeoverthebedin which
thebed surfaceexpandedsmoothly.The bed
heightascendsin a fewmillimeters.Thebubble
regimeoccursastheair velocityslightlygreater
thanthatin particulateregime.This regimeis
markedbytheappearanceof bubblesbreakingoff
onbedsurface.Bothof thesetwolastregimesare
not presentedhere since they have much
similaritiesof physicalappearancewiththefixed
bedregime.
2.Sluggingregime
Slugis recognizedbytheappearanceof gas
pocketsfillingalmostentirecolumncross-section.
Mostly, sluggingregimethat occurs in this
researchwasfoundin theformof square-nosed
slug i.e. flat on both its top and bottomside
(Figure6).
Meanwhile,a solid slug is definedas a
pocketof particlesflowsregularlyfollowingthe
gaspocket.Slugbehaveslikeapistonmovement.
Higherairvelocitylargersizeof slugandgreater
pressurefluctuationareobtained..
3.Turbulentregime
Turbulentregimeischaracterizedbyachaotic
conditionandlargerpressurefluctuationthanthat
of sluggingregime.Bedsurfaceis difficultto be
definedclearly.Particlesaremovingupanddown
irregularlyasthegasflowsthroughthebed.This
conditionispromotedbyaninsufficientdragforce
to transportall particlesupward.On the other
hand,gravitationforcestill significantlyaffectsin
pullingdownparticlesbackintothebed.
airflow
direction
Figure5.FixedBed,U =0.068m/sec
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Figure 6. Sluggingregime,U =0.28m/sec
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Figure 7. Turbulentregime,U= 0.51m/sec
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Figure8.Fastfluidizationregime,U =2.0m/sec
4.Fastfluidizationregime
Transitionbetweenturbulentregimeandfast
fluidizationregimeoccurswhenairvelocitywas
inrangeof 1.38- 1.53m/sec.Up tothis,thefast
fluidizationregimeoccursastheparticlesbeginto
befullydispersedwithintheair flow,althougha
fewofthemarestillfallingbacktothebedwitha
passagenearthewall.
B. Particles- air flowregimes
Some regimesof particles- air flow in a
verticalstraighttubeareperformedinthissection.
Thevisualizationis carriedoutattheairvelocity
of 0.75m/secandupatwhichmoreparticlesare
transportedto the observationtube located
approximatelyI m abovethe fluidizationbed
section.
Figure9 showsthata goodmixingbetween
particlesandair is notobtainedattheairvelocity
of 0.75m/sec.The mixedflow beginsto be
homogenousas the increasingof air velocity
althoughsomeparticlesappearsto movedown
nearthewall(Figure10).This regimeis defined
as a dilutephasebecauseof its lowerparticle
fractionthantheairflow.A densephaseoccursas
a resultof moreparticlesthatare transported
upwardattheair velocityof 1.53m/sec(Figure
II). In addition,as shownin theprevioustudy
(Arifviantoand Indarto,2006),a denserflow
createsagreaterpressuredrop.
5.Conclusions
Fluidizationandsolid-gasflow of ironsand-
airyieldssomeregimesthatcorrespondwiththe
air flow velocities.There are six regimesof
fluidizationprocessthatorderlytakeplaceasthe
increasingofairvelocity,Le.fixedbed,particulate
regime,bubbleregime,sluggingregime,turbulent
bed,andfastfluidization.Bubbleregimecannot
beobviouslyobservedbutit couldbepredictedas
thebubbles'breakoff overthebedsurface.A
diluteanddensephaseasthemixedflow of iron
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sandparticles-airn a verticaltubeis observed.
Thedilutephasetakesplaceat lowerairvelocity
in whichonlylighterandsmallersizeof particles
are blown first. The increasingair velocity
I
airflow
direction
Figure9.Mixedflow,U=0.75m/sec
presentsa densephaseasa resultof greaterdrag
forceto transportmoreparticles,includingthose
ofheavierweightandlargersize.
some particles
move downward
near the wall
airflow
direction
Figure10.Mixedflow,U= 1.53m/sec
dense and
homogenous
phase
airflow
direction
Figure11.Mixedflow,U =2.0m/sec
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Nomenclature
U =superficialirvelocity(m/sec)
dp/dz=pressuredropgradient(kPalm)
Ub =superficialirvelocitiyofbubbleregime
(m/sec)
Urnb=minimumsuperficialirvelocitiyof
bubbleregime(m/sec)
Urn! =minimumsuperficialirvelocitiyofonset
fluidization(m/sec)
Urns =minimumsuperficialairvelocitiyof
sluggingregime(m/sec)
Uk =minimumsuperficialirvelocitiyof
turbulentregime(m/sec)
u'r =minimumsuperficialirvelocitiyoffast
fluidizationregime(m/sec)
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